Physical scaling is an efficient and cost-effective modeling tool to be used in fire safety engineering. Scaling of internal wall temperatures was investigated in room fire tests in three different scales, that is, full scale (1:1), medium scale (1:2), and small scale (1:3.5). The fire sources were either placed at the center or in the corner of the enclosures. The measured time-dependent internal wall temperatures, incident heat fluxes, and gas temperatures in different scales are compared and analyzed. Test results show that the proposed scaling method is able to scale the internal wall temperatures (temperatures inside the walls) and incident heat fluxes well, especially in medium scale.
Introduction
Due to the complexity of fire phenomenon, full-scale tests are still the main and the most credible tool for investigating fire-related issues. Full-scale tests, however, are very costly, and generally, the cost significantly increases with scale. Model scale tests are therefore a tempting alternative to the full-scale tests. Mathematic scaling laws are applicable; however, different phenomenon might scale differently, that is, it might not be possible to scale all parameters correctly at the same time and a thorough understanding of the physics involved in a specific fire scenario is therefore essential to successful scaling experiments.
In the past few decades, the physical scaling method has been widely applied in fire community. Its application permeates nearly every field of fire research, from free plume to fire suppression in tunnel fires. Despite its simplifications in applications, the scaling technique has significantly improved our understanding of fire dynamics. Heskestad 1 reviewed scaling techniques, mainly pressure modeling and the Froude modeling, that were used in the fire community. Quintiere 2 also reviewed the scaling applications in fire research with a focus on ceiling jets, burning rate, flame spread, and enclosure fires. Perricone et al. 3 investigated the thermal response of a steel tube covered by insulating materials using scaling principles. However, the scaling laws used for the thick insulating materials may be questioned. Croce and Xin 4 examined the scaling of wood crib fires and found good agreement between different scales. Scaling of water-based fire suppression systems has also been conducted in open and enclosure fires. Heskestad 5, 6 carried out a series of gas and pool fire suppression tests to investigate the credibility of scaling the interaction of water sprays and flames and obtained a simple correlation for extinguishment of gas and pool fires using water sprays. Quintiere et al.'s 7 work shows that the scaling of pool and gas fires works well, although the comparison of results in rack-storage fires between model and full scale does not show good correlation. Yu et al. [8] [9] [10] tested and investigated the scaling of suppression of gas fires and pool fires using water mist systems and obtained good agreement between different scales. Extensive model scale tunnel fire tests have also been carried out at SP Technical Research Institute of Sweden. Ingason and Li 11, 12 investigated the key fire parameters and smoke control in model scale tunnels with longitudinal ventilation and with point extraction ventilation. Ingason 13 also carried out a series of 1:10 model scale railcar tunnel fire tests to investigate the effect of openings on the fire sizes. Li et al. [14] [15] [16] [17] [18] [19] [20] carried out several series of model scale tunnel fire tests to investigate the critical velocity, backlayering length, maximum ceiling gas temperature, smoke control in cross-passages, and smoke control in rescue stations in long railway tunnels. Lo¨nnermark et al. 21, 22 carried out a 1:3 model scale metrocar fire tests for the fullscale fire tests in Brunsberg tunnel. Ingason 23 tested the water spray system in tunnel fires using hollow cone nozzles and wood crib fires. Deluge system and water curtain system were also tested. Li and Ingason 24 investigated the automatic water spray system in tunnel fires using full cone nozzles and wood crib fires. The response time of individual sprinklers was modeled by a scaling theory. Delichatsios et al. 25 carried out a series of 1:3 room fire tests to validate their correlation for gas temperatures in enclosure fires.
Despite much work on the scaling of fires in the open and the enclosures, the credibility of scaling the internal wall temperatures (temperatures inside the walls) has not been explored. The internal wall temperatures have attracted our special attention partly due to the relation to fire resistance of the walls. For example, in case of a fire in a lightweight construction, the temperature at the load-bearing structure should not exceed a certain value, for example, 140°C, or else the structure will lose strength and collapse. 26, 27 Furthermore, the scaling of wall heat fluxes affects the heat flux and gas temperatures in the enclosures.
Therefore, the scaling of internal wall temperatures needs to be investigated carefully in order to be able to trust experimental data from scaled enclosure fires, which is the main focus of this project.
In this work, compartment fire tests were carried out in different scales according to a scaling method. Furthermore, the scaling of internal wall temperatures and heat fluxes is thoroughly analyzed.
by scaling theory simultaneously, the terms that are most important and most related to the study are preserved.
The Froude scaling has been used widely in enclosure fire research. 2, 5 A large amount of model scale fire tests show that there is good agreement between model scale and large-scale test results on many focused issues. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 28 However, in most of the model scale tests that have been carried out worldwide, the thermal properties of the involved materials were not taken into account. One reason could be that for those studies, the internal wall temperatures were not the focus; however, the wall materials are expected to have strong influence on the scaling of the fires, especially in small scale.
In this work, a theoretical scaling study on heat conduction inside the walls has been conducted (see Appendix 2) . The scaling laws for internal wall temperatures are proposed and investigated in this article based on the data obtained from tests carried out in different scales of enclosures.
The rooms were built in a scale of 1:1, 1:2, and 1:3.5, respectively, which means that the sizes of the rooms are scaled geometrically according to the scaling ratios. The scaling of the key parameters is presented in Table 1 . It is shown in Table 1 that gas temperatures and internal wall temperatures should be the same in all scales. However, it should be kept in mind that the correlations shown in Table 1 only correspond to the perfect scaling. In reality, there are always some parameters that cannot be scaled well and thus induce errors to the other related parameters. The key error in this type of scaling is produced by the scaling of heat fluxes.
It should also be kept in mind that the scaling of these parameters is obtained based on the assumption of the same heat of combustion. If different fuels are used in model scale, some parameters will not be scaled as shown in Table 1 . There are two source terms in the controlling equations for the mass transfer and heat transfer in an enclosure fire, that is, the heat release rate (HRR) and the mass loss rate, respectively. If we focus on the scaling of the mass loss rate, the gas concentration can still not be scaled well due to the failure of scaling of the buoyancy force and gas temperature. In such cases, the only solution is to focus on the scaling of the HRR, regardless of the species production. As a consequence, the HRR, energy content, velocity, time, temperature, and pressure will approximately scale as shown 
HRR: heat release rate.
in Table 1 . However, the overall gas concentration cannot scale well, and according to the scaling of the energy content, the fuel mass will scale as
Note that different fuel types may affect the heat radiation due to the difference in soot yield and species production. More information about the scaling can be found in the report. 29 
Test setup
Two series of tests were carried out in three rooms with a scaling ratio of 1:1, 1:2, and 1:3.5, respectively. Photographs of fully developed fires in the different scales are shown in Figure 1 .
Room geometry and structure
All the three rooms were constructed using noncombustible 13-mm-thick gypsum boards, mounted in wooden frames. The geometry of the room in full scale is 2.4 m (W) 3 2.4 m (H) 3 3.6 m (L) and the door is 2 m high and 0.8 m wide (see Figure 2) . In other words, the full-scale room has the same geometry as in room corner test.
Note that the size of the room is scaled geometrically according to the scaling ratio. Therefore, in the 1:2 scale room, the geometry was 1. 
Insulating wall materials
The interior walls were covered with mineral wool (stone wool) in all tests. During the tests, the material was directly exposed to the hot gases. However, different types of mineral wools were used in different scales (see Table 2 ), based on equations (9) and (10) . In other words, more thermal-resistant materials need to be used in a smaller scale. Note that the values of heat capacity and conductivity in Table 2 are quite close to each other for these three mineral wools; however, the density varies. For the scale ratio of 1:3.5, it is difficult to find a mineral wool with the thickness of 109 required by the scaling laws; therefore, the thickness of 120 mm was used instead. However, the redundancy in thickness was compensated for when measuring the temperatures inside the wall as the measurement points for the thermocouples inside the wall were situated based on the thickness of 109 cm as required by the scaling laws, rather than 120 cm. Therefore, it is expected that the influence of the difference in the thickness could be ignored.
Note that all the lining materials were attached to the 13-mm gypsum board mounted to the wooden frames. This means that the materials outside of the minerals wools were not scaled, and it may have some influence on the temperature distribution inside the wall after the heat penetrates the mineral wools. However, the temperature gradient at this depth is much smaller compared to in mineral wools. Furthermore, it can be expected that the heat has not penetrated the mineral wools before 20 min in full scale. Therefore, it is reasonable to consider the influence of the gypsum boards as being insignificant, at least at the beginning of the tests. This effect will be investigated based on test data.
The inner thick materials are the most important. The temperature gradients inside can be expected to be much greater than the other layers. Furthermore, the temperatures at the backside of the insulating materials in the tests are expected to be low before 20 min. Therefore, only the inner layer (fire resistant part) is scaled in the tests.
Furthermore, note that the thermal conductivity could vary slightly with the temperature. However, it is expected that the conductivities for these three similar materials show similar dependences on the temperature, and thus, this effect is implicitly considered.
Fire sources
Propane burners were used in the tests due to its simplicity and convenience to control the HRR. Note that the flame length can be expressed in such a simple form (9) and (10).
Scale ratio Calculated using a thickness of 109 mm based on which the thermocouples inside the wall were situated.
This suggests that the geometry of the fire source should scale as the length scale. Cubic fire sources were used in the tests. The side lengths of the fire sources are 30, 15, and 8.6 cm in different scales, respectively. The propane burner on the floor was either placed at the center (Fire 1 in Figure 3 ) or in the corner of the room (Fire 2 in Figure 3 ). The top surfaces of the burner were 30, 15, and 8.6 cm above the floor in full scale, medium scale, and small scale, respectively. 
Measurements and instrumentation
Various measurements were conducted during each test. Figure 3 shows the layout and identification of instruments in the full-scale room. In other scales, the geometrical dimensions are directly scaled by the scaling ratio.
One thermocouple tree was placed at the center of the room, that is, T1-T6 in Figure 3 . Another thermocouple tree was positioned at the centerline of the door, that is, T7-T11. Four thermocouples, that is, T12-T15 were placed 0.2 m below the ceiling (see Figure 3 ). All the thermocouples have a diameter of 0.25 mm.
Five plate thermometers (PTs), [31] [32] [33] that is, PT1-PT5, were either placed on the walls or on the floor at the center of the room. The incident heat fluxes are calculated by the following equation
where the conduction correction factor K cond = 8.43 W/m 2 K, the lumped heat capacity coefficient C heat,b=1/3 = 4202 J/m 2 K, and the surface emissivity of PT e PT = 0:8. Hot gas flow velocity through the door, that is, bi-directional probe (BP)1, was measured using a bi-directional tube 34 placed beside the centerline of the door and 0.2 m below the upper edge of the door in full scale. The pressure difference was measured with a pressure transducer with a measuring range of 630 Pa.
Gas concentrations through the door, including CO 2 , CO, and O 2 , that is, G1-G3, were sampled by one probe consisting of open copper tube besides the BP, that is, 0.2 m below the upper edge of the door.
The thermocouple series (TS) inside the walls were placed at five positions in the room, that is, TS1-TS5 (see Figure 4) . At each position, a TS consisting of five thermocouples was placed in different depths below the interior wall surface (see Figure 4) . The five depths from the interior wall surfaces are 10%, 20%, 40%, 60%, and 80% of the thickness (60, 80, and 109 mm in three scales, respectively). Note that in different scales, the positions of corresponding thermocouples are different since the total thicknesses are different.
All the thermocouples, pressure transducers, gas analyzers, flux meters, flow meter, and activation equipments were all connected to IMP 5000 KE Solotron loggers. The data were recorded by a laptop at a rate of approximately 1 scan per second.
Test procedure
In total, seven tests were carried out in different scales (see Table 3 ). The main variable is the room geometry, lining materials, fire sources location, and fire curves. During each test, the HRR was increased in a stepwise manner. In tests 1-3, the HRR was 100 kW for the early 10 min at full scale (0-10 min) and 300 kW for another 10 min at full scale (10-20 min), and then, the burner was immediately turned off. In tests 4-7, the HRR was 1.2 MW for further 7 min at full scale (20-27 min) and then the burner was immediately turned off. In other scales, the transition time was determined based on the scaling law, that is, equation (4) in Table 1 . The gas burners were placed at the corner toward the door in tests 4-6 (called corner fires) and placed at the center of the room in other tests (called center fires).
During each test, a cube of fiberboard was used as the ignition source. It was soaked in heptane and then placed beside the gas burner. This cube was ignited at 2 min from starting the logging system and then moved after the burner was ignited. The ambient temperature was approximately 20°C and the humidity is around 50%.
Results and discussions
First, the measured gas temperatures and incident heat fluxes are discussed. Then, the internal wall temperatures are analyzed. Note that for comparison, the time in model scales has been scaled up to full scale in the following figures by equation (4) .
Scaling of gas temperature
Center fires. Figure 5 shows the measured ceiling gas temperature as a function of the fullscale time for center fires. Clearly, it is shown in Figure 5 that the ceiling gas temperatures correlate well in different scales of center fires, especially in medium-scale tests where a perfect match can be found. Note that in small scales, the ceiling gas temperatures are slightly lower, especially at the second stage when the gas temperatures are around 400°C. Furthermore, the ceiling gas temperatures measured by the four ceiling thermocouples in full scale are closely of the same values; however, in model scales, small differences can be found for different thermocouples. After 20 min, the burners were turned off and the ceiling gas temperatures decreased gradually. Surprisingly, even during this cooling period, the timeresolved temperatures in the three different scales correlate very well. In general, the ceiling gas temperatures are scaled very well in this test series.
Corner fires. Figure 6 shows the measured ceiling gas temperatures for corner fires. Clearly, it is shown in Figure 6 that the ceiling gas temperatures in different scales correlate very well before 20 min, and after 20 min, the ceiling gas temperatures are highest in full scale and slightly lower in medium scale and lowest in small scale. The maximum ceiling gas temperatures are 1181°C in full scale, 1049°C in medium scale, and 978°C in small scale. Note that these temperatures correspond to flame temperatures in the continuous combustion region, and thus, they partly indicate the combustion intensity. Another reason for the variations could be that the sooty smoke blocks the heat loss in larger scales. After 27 min, the burners were turned off and the ceiling gas temperature decreases gradually. Also, it can be found that even during this cooling period, the time-resolved temperatures in the three different scales correlate very well. Note that before 10 min, all the temperatures measured at T12-T15 are almost the same; however, after 10 min, the temperature at T14 is much higher compared to other positions and the temperatures measured by the other thermocouples are very similar. This is because after 10 min, the continuous flame region reached the ceiling and T14 directly measured the flame temperature. Also, note that the highest temperatures were registered at T14, then at T13, T15, and T12. This is mainly because in the fully developed fires, more heat was lost at T15 and T12 which were close to the openings, and T12 is the farthest thermocouple from the fire source. This indicates that after the flame impinges on the ceiling, the ceiling gas temperatures are not uniform, but dependent on its location relative to the fire source and the opening.
In summary, for center fires, the upper layer gas temperatures correlate well in different scales, especially in medium-scale tests where a perfect match can be found. In small scales, the ceiling gas temperatures are slightly lower, especially at the second stage. For corner fires, the ceiling gas temperatures are scaled very well before 20 min but are slightly underestimated in model scales after 20 min at a HRR of 1.2 MW in full scale.
Scaling of incident heat flux
Note that for easy comparison, in the following figures, both the time and the incident heat fluxes in model scales have been scaled up to full scale, according to equations (4) and (8), respectively.
Center fires. Figure 7 shows the time-resolved incident heat fluxes measured in different scales of center fires. It shows that there is very good agreement in different scales.
Before 10 min, the radiation is slightly higher in model scales. The main reason is that during this period, the main radiation comes from the flame, which normally corresponds to a large emissivity. This results in slightly higher radiation in model scales after the data are scaled up by equation (8) .
Incident radiation heat flux measured by PT5 could be used as indications for both the radiation from the upper layer to the floor and the radiation loss through the opening. It shows in Figure 7 that at the first stage (100 kW in full scale), the incident heat fluxes measured by PT5 (scaled up) in the model scales are approximately the same and slightly greater than those in the full scale. At the second stage (300 kW in full scale), the incident heat fluxes in the medium scale are slightly greater than those in the small scale, and the values in the full scale correspond to the lowest. The main reason should be that scaling of radiation heat flux shows some deviations from the perfect scaling as scaling of both the local absorption coefficient and the global emissivity are difficult, as discussed in Appendix 2. Furthermore, the incident heat flux measured by PT5 in fact is partly contributed by the flame which, as mentioned previously, corresponds to a large emissivity. If these heat fluxes are considered as the radiation heat flux to the opening, the maximum radiation loss through opening occupies approximately 5.6%-8.0% of the total HRR. Therefore, the radiation loss through the opening is insignificant in this series of tests.
Corner fires. Figure 8 shows the time-resolved incident heat fluxes measured in different scales of corner fires. It shows that the data in medium scale match those in full scale very well at every stage. The heat fluxes are scaled relatively well in small scale before 20 min, except at PT2 where the heat fluxes are underestimated after 10 min. After 20 min, the heat fluxes in model scale are generally lower compared to full scale. Part of the reason could be that the convection heat fluxes are overestimated in model scales, especially in 1:3.5 small scale. Therefore, the overall heat flux imposed on the wall surfaces should be scaled better in small scale than what is shown here.
Comparison of the incident heat fluxes (scaled up) at the first two stages in the corner fires shows similar trend as observed in the center fires. At the third stage, the maximum incident heat flux is around 131 kW/m 2 in the full scale, 141 kW/m 2 in the medium scale, and 115 kW/m 2 in the small scale. The deviation for the small scale is apparently greater than the medium scale. If these heat fluxes are considered as the radiation heat flux to the opening, the radiation loss through opening occupies approximately 15.3%-18.8% of the total HRR. Clearly, the radiation loss through the opening becomes much more important for large fires. Similarly, an increase in the opening size also increases this radiation loss. Overall, scaling of the radiation from upper smoke layer to floor and radiation loss through openings is quite reasonable. Figures 9 and 10 show the comparisons between incident heat fluxes measured in full scale and those measured in model scales for center fires and corner fires, respectively. To reduce the data points shown in the figures, test data with an interval of 2.5 min in full scale are picked out and plotted in the figures. Clearly, it can be seen that the incident heat fluxes scale well, especially in medium scales. However, it can also be seen from Figure 9 that for small fires with a full-scale HRR of 100 kW (corresponding to heat flux not greater than 5 kW/m 2 ), the incident heat fluxes are slightly overestimated in model scales. For large fires with a full-scale HRR of 1.2 MW, the incident heat fluxes in small scale are slightly underestimated, as shown in Figure 10 .
In summary, although the scaling of radiation heat flux shows deviations from the perfect scaling according to the scaling theory as discussed in Appendix 2, the incident heat fluxes are scaled very well, especially in medium scale. The incident heat fluxes are only slightly overestimated in model scales for a full-scale HRR of 100 kW and are slightly underestimated in small scale for larger fires.
Scaling of internal wall temperature
Note that the scaling of internal wall temperatures and heat fluxes in enclosure fires are directly correlated with each other by the energy equations on the surfaces. Therefore, the good correlation for the incident heat fluxes found between different scales indicates good scaling of the internal wall temperatures, which will be shown in the following. Center fires. The measured internal wall temperatures at TS1 in different scales for center fires are shown in Figures 11 to 13 . Note that the time in model scales has been scaled up to full scale; 10% indicates the thermocouple was placed at 10% of the thickness below the wall surface, and so on. Clearly, a perfect correlation can be found between the different scales, except that the data measured at 20% of the thickness below the surface are obviously higher in full scale than model scales, which should be because this thermocouple was wrongly positioned.
For clearer comparison, in the following we make a comparison of the internal wall temperatures measured at full-scale time 5, 10, 15, 20, 23.5, and 27 min for center fires. In other words, the time has also been scaled up while picking up the data in mode scale tests. Figure 14 shows the comparison of the internal wall temperatures in full scale and medium scales of the center fires. Clearly, it shows that there is very good correlation between the full scale and the medium scale. Most data lie closely beside the equal line.
Furthermore, it can be seen that the data scatter slightly. This could be partly due to the error induced by the placement of the thermocouples inside the walls in the tests. Note that the thermocouples are embedded inside the insulating materials and fixed to the exterior frame. Furthermore, the interval distance between the thermocouples is generally very small, that is, the minimum interval is 6 mm in full scale, 8 mm in medium scale, and 11 mm in small scale. Therefore, it is difficult to place them perfectly into the right positions, especially in full scale. This also indicates that larger errors could be induced in full scales than in model scales. Figure 15 shows the comparison of the internal wall temperature in full scale and small scale of the center fires. Clearly, it shows that although the internal wall temperatures in small scale are slightly lower at some positions, very good correlation can be found between the full scale and the small scale.
Corner fires
Small fires. In this section, the fires before 20 min in full scale are focused on at first. The corresponding HRRs are lower than 300 kW in full scale and these fires are called as small fires. Figure 16 shows the comparison of the internal wall temperature in full scale and medium scale of the corner fires. Test data were picked up by the same rule as that for center fires. Note that only test data before 20 min are used for comparison. Clearly, it shows that there is very good correlation between the full scale and the medium scale although some data scatter between 100°C and 300°C. Figure 17 shows the comparison of the internal wall temperature in full scale and small scale of the corner fires within 20 min. Clearly, it shows that there is good correlation between the full scale and the medium scale although the internal wall temperatures measured in small scale are slightly lower after 600°C.
Large fires. The fires with a full-scale HRR of 1.2 MW are considered here, which are called ''large fires'' here for simplicity.
Note that in full-scale corner fire tests with a HRR of 1.2 MW, the mineral wool panels in the vicinity of the fire source started to melt on the surface at around 23 min and some portion of the materials fell down, while they were exposed to gases with high temperatures (see Figure 18 ). The thicknesses of the insulating materials decreased, resulting in the change in the positions of the thermocouples relative to the wall surfaces. Therefore, the temperature increases significantly after 23 min. The two locations significantly influenced by this effect in full scale are TS5 and TS3. These two positions corresponded to high flame temperatures above approximately 1100°C. Moreover, in the medium-scale test (test 5), the panel above the fire source was slightly detached after the test and the measurements at these two positions, that is, TS5 and TS3, were thus affected. Due to these two reasons, the measured data at these two positions for large fires are not used for comparison in the following. Figure 19 shows the comparison of the full-scale internal wall temperatures to the medium-scale values. Figure 20 shows the comparison of the full-scale internal wall temperatures to the small-scale values. Clearly, it is shown in Figure 19 that there is good agreement between the full scale and medium scale for internal wall temperatures lower than 800°C. Furthermore, it is shown in Figure 20 that there is good agreement between the full scale and small scale for internal wall temperatures lower than 600°C.
However, it can be noticed that the internal wall temperatures are underestimated for temperatures over 800°C in medium scale and over 600°C in small scale. There are four reasons for this.
First, as discussed previously, the wall materials in the vicinity of the fire source in full scale were melted on the surface and some portion of the materials fell down while exposed to such high temperatures. This also happened in other scales. From the observation of the wall panels after the tests, the thickness of the wall panels changed most significantly in full scale, less in medium scale, and very slightly in small scale. Therefore, the internal wall temperatures measured by the thermocouples in full scale are much greater than the values measured in model scales where no such significant change in the thickness occurred.
Second, the upper layer gas temperatures in full scale are slightly higher than in medium scale, and the upper layer gas temperatures in small scale are the lowest.
Third, note that the interval distance between the thermocouples is generally very small, that is, the minimum interval is 6 mm in full scale, 8 mm in medium scale, and 11 mm in small scale. This indicates that the internal wall temperatures are most sensitive to the changes in the thickness in full scale, less sensitive in medium scale, and least in small scale. This could result in the highest internal wall temperatures measured in full scale, higher in medium scale, and the lowest in small scale. Furthermore, note that the changes in the positions of the thermocouples have the strongest influence on the thermocouple close to the surface and much less for the thermocouples deep in the walls. Therefore, the discrepancy between different scales should be much smaller in a deep thermocouple compared to one close to the surface as explained, that is, a much better agreement can be found for low temperatures. This can explain why still good agreement can be found between the full scale and model scales for large fires with gas temperatures below 800°C in medium scale and below 600°C in small scale.
Fourth, during the large fires, the heat had penetrated the physical thickness of the mineral wools and reached the exterior structure consisting of 13-mm gypsum boards and the wooden frames. Note that the structures were not scaled. This indicates too much heat could be lost in model scales through the structure after the heat penetrated the insulating materials, which in turn results in lower internal wall temperatures in model scales.
Despite all these factors which tend to reduce the internal wall temperatures measured in model scales, the scaling of internal wall temperatures in large fires works relatively well. In summary, the scaling of internal wall temperatures for both small center fires and corner fires works very well. For large corner fires, the scaling of internal wall temperatures works relatively well and slightly better in medium scale compared to small scale.
Conclusion
The main objective of the work is to investigate the scaling of internal wall temperatures (temperatures inside the walls) in enclosure fires. Two series of room fire tests were carried out in three different scales, that is, full scale (1:2), medium scale (1:2), and small scale (1:3.5), based on the proposed scaling method. The fire sources were either placed at the center (center fires) or in the corner of the enclosures (corner fires). Based on the test data, the scaling of time-dependent internal wall temperatures, incident heat fluxes, and gas temperatures is analyzed.
The scaling of internal wall temperatures works very well for small fires. For large fires (1.2 MW in full scale), the internal wall temperatures are scaled relatively well and better in medium scale than small scale. The internal wall temperatures are slightly underestimated for temperatures over 800°C in medium scale and over 600°C in small scale. The main reason should be the melting of the wall materials while exposed to high temperatures over 1000°C. In realistic scenarios, there are always some panels placed above the insulating materials, which could prevent the collapse of the insulating materials even when it partly performs as thermoplastic materials. In such cases, the scaling of internal wall temperatures should work better than what have been shown here.
Although the scaling theory indicates scaling of the radiation heat flux deviates from the perfect scaling, the incident heat fluxes are scaled very well, especially in medium scale. The incident heat fluxes are only slightly overestimated in model scales for a full-scale HRR of 100 kW and are slightly underestimated in small scale for larger fires (1.2 MW). Note that the scaling of internal wall temperatures and heat fluxes are directly correlated with each other by the energy equation on the surface.
For center fires, the measured upper layer gas temperatures correlate well in different scales, especially in medium-scale tests where a perfect match can be found. In small scales, the upper layer gas temperatures are slightly lower, especially at the second stage. For corner fires, the ceiling gas temperatures are scaled very well before 20 min but are slightly underestimated in model scales after 20 min at a HRR of 1.2 MW in full scale.
The scaling technique has been shown to be a promising method for obtaining relevant enclosure fire data in down-scaled fire scenarios, thus keeping both experimental cost and manageability at a more practical level. It was shown in the tests that it is possible to model internal wall temperatures, incident heat fluxes, and gas temperatures very well, especially in medium scale (1:2) .
This article should raise our concerns on the importance of wall materials in scaling of enclosure fires. Scaling of the thermal properties of wall materials should be taken into account in model scale fire tests in the future. 
Scaling of internal wall temperatures
The method of scaling used in the tests is the most widely used Froude scaling. According to the Froude scaling, some important parameters approximately scale as shown in Table 1 . The scaling of the internal wall temperatures and heat fluxes in enclosure fires is analyzed in the following.
Scaling of heat conduction in the walls
Thermally thick materials. It is well known that the heat conduction normal to the wall surface dominates the heat conduction in the wall in enclosure fires. Also for simplicity, only the one-dimensional heat conduction equation is analyzed in the following. Wall materials can be classified into two categories: thermally thick materials and thermally thin materials. For a thermally thick material, there is always a temperature gradient inside the materials, even after the thermal penetration, which is considered as being important for us. For a thermally thin material, the temperatures inside are homogeneous. It can be easily known that the thermally thin materials are only special examples of the thermally thick materials. There is no clear distinction between these two types of ''materials,'' but depends on the specific case that is investigated. Generally, metal objects and very thin materials can be considered as thermally thin materials and others are thermally thick materials. 
This suggests that in order to scale the heat conduction in thermally thin materials, the same materials can be used, if the materials are geometrically scaled. In reality, scaling of the thermally thick materials also fulfills equation (30) assuming the temperatures inside are homogeneous. As discussed previously, a thermally thin material is only one special example of a thermally thick material.
In summary, to scale heat conduction inside thermally thick materials, equations (22) and (23) need to be preserved while choosing materials and determining wall thicknesses. For thermally thin materials, the same materials can be used if the materials are geometrically scaled.
Scaling of convective and radiative heat transfers
In the above analysis, it is assumed that the absorbed heat fluxes on the wall surfaces scale as equation (8) . Scaling of the convective and radiative heat flux, however, does not strictly follow this correlation. A short discussion is presented in the following.
In an enclosure fire, the key pattern of the convective heat transfer could be the forced convection heat transfer due to the movement of the ceiling jets in the upper layer and also the forced convection heat transfer in the lower layer due to the movement of fresh air through the openings. Even during the cooling period after extinction, the hot environment inside induces circulating flows through the opening, as observed in the tests. For forced turbulent flow, the convective heat transfer coefficient approximately scales 1/5 power of the length scale. In case that the scaling ratio used is very small, laminar flows or natural convection could be the main mechanism for convective heat transfer. For laminar flow or natural convection, the convective heat transfer coefficient approximately scales -1/4 power of the length scale. 29, 35 Given that the convective heat flux or the convective heat transfer coefficient should scale as 1/2 power of the length scale, this indicates that the convective heat transfer is overestimated in model scales, especially for laminar flow or natural convection. One exception is for turbulent flows on rough surfaces. 35 The convective heat transfer is intimately related to the relative roughness, which is fortunately insensitive to the Reynolds number or length scale. 35 In these cases, perfect scaling of convective heat transfer is possible.
